Herein, the protective performance of a new triazole inhibitor for carbon steel was studied by electrochemical methods. Potentiodynamic polarization curves showed that the anti-corrosion efficiency improved with increasing concentrations of the inhibitor and the results show that it is 22 times corrosion resistance efficiency for inhibitor compared to bare aggressive solution. X-ray photoelectron spectroscopy showed that the film adsorbed well on the carbon steel surface. The scanning vibrating electrode technique demonstrated the corrosion process of carbon steel with and without the protection of inhibitor. Thus, a mechanism for the corrosion process was proposed and the behavior of carbon steel under the protection of the inhibitor was discussed.
Introduction
The use of reinforced concrete as a building material in bridges, architecture, ports, underground structures, etc., has increased over time, worldwide.
1 Therefore, it is imperative to study the working performance, and anti-corrosive and re-resistant properties of reinforced concrete; especially, the anticorrosion character is important, since it has been the main reason for many serious accidents and leads to billions of dollars in expenses for maintenance. 2 Reinforced concrete structures are exposed to many corrosive mediums, such as oil, waste water, CO 2 , and aggressive ions like SO 4 2À and Cl À , which can severely affect the adhesive property of cement and acidize the concrete, thus lowering the bond stress between concrete and steel, causing the steel to rust and undergo structure failure. 3 Damage by corrosion is the primary reason for structural disintegration of steel. Consequently, it is imperative to solve the corrosion problem and build a protective parclose for the reinforced concrete from the outside aggressive environment. Many methods have been employed to overcome corrosion, such as by using stainless steel, cathodic protection, inorganic inhibitors and coatings, and low alloy steels; however, these are complicated, environmentally hazardous, and uneconomical. 4, 5 Hence, many novel, environmentally friendly, and economical methods, such as the use of enamel coatings, corrosion-resistant steels, and green inhibitors, have been proposed and widely used. 6, 7 Inhibitors can effectively prevent steel corrosion, thus providing high inhibition efficiency and migration character in concrete. It is not only useful for new constructions, but also for existing structures. The molecule of an inhibitor can adsorb well on the surface of steel by physisorption or chemisorption, and prevents the aggressive Cl À ions from destroying the passive lm formed on the surface of steel under an alkaline concrete environment. 8 The fraction of coverage and cohesion on the surface is a vital inuential factor for inhibition efficiency. It is possible to isolate the aggressive ions and water from the steel surface effectively by improving the coverage scale and strengthening the binding. Therefore, it is imperative to understand the mechanism of adsorption and micro-zone corrosion of steel under inhibitor protection.
In particular, Haleem et al. studied the benzotriazole and its derivatives as inhibitor for carbon steel in simulated concrete solution with Cl À ions. It shows that type and concentration of inhibitor play the effect on the inhibition efficiency. Adsorption of the inhibitor on the steel surface and the formation of interfaces complex make the occurrence of inhibition. 9 Wanees et al. do the research of inhibition of pitting corrosion on carbon steel, in which electrochemical impedance spectroscopy and SEM investigation were used to characteristic the inhibition performance. Also, it showed that benzotriazole and its derivatives are good inhibitors for pitting corrosion of reinforcing steel.
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In particular, many researchers have studied inhibitors using traditional electrochemical experiments and quantum studies, 11, 12 however there are only few studies that analyze the corrosion process using scanning electrochemical microscopy (SECM) or scanning vibrating electrode technique (SVET), which demonstrates the progress of corrosion with time. 13 Therefore, in our work, the inhibition efficiency was tested by potentiodynamic polarization (Tafel curves). The work focused on the inhibitor adsorption, and subsequent mechanism of corrosion, revealing the adsorption and anti-corrosion mechanism by X-ray photoelectron spectroscopy (XPS) and scanning vibrate electrode technique (SVET), respectively, which is rarely seen in other articles especially the micro-zone corrosion process.
Experimental
In this work, sodium chloride (NaCl) and sodium hydroxide (NaOH) were purchased from Sinopharm Chemical Reagent Co., Ltd and all other chemicals were obtained from Shanghai Aladdin Bio-Chem Technology Co., Ltd. All the reagents were analytical grade and used directly without further purication. Deionized water was used in whole process.
The structure of the inhibitor molecule, (2-sulydryl)-(5-phenmethyl)-(1-(4-phenol)-methanimine)-triazole (SPMT), is shown in Fig. 1 . Commercial carbon steel Q235 (cutting into 10 mm Â 10 mm Â 10 mm and its chemical composition is: 0.14-0.22 C, 0.30-0.65 Mn, <0.60 Si, <0.05 S, <0.045 P (wt%) and Fe balance) was sanding with 400 mesh, 600 mesh and 1000 mesh sandpaper and then polished to perform the open circuit potential (OCP) and potentiodynamic polarization (Tafel) test, which was conducted on a Gamry 3000 using three electrode system, in which carbon steel as working electrode, Pt as counter electrode and saturated calomel electrode (SCE) as reference electrode.
14 The OCP test time is about 500 s. The Tafel test was carried out from À250 mV to +250 mV (vs. OCP) with a potential scanning rate of 0.5 mV s À1 . For the X-ray photoelectron spectroscopy (XPS) test, carbon steel was incised to a dimension of 4 mm Â 4 mm Â 2 mm, and was soaked in a simulated concrete solution with 3.5% NaCl and 2.0 mmol L À1 inhibitor for 3 days, following which the test was conducted on a PHI Quantum 2000 with an Al-Ka radiation source. 15 Aer the same treating process of Q235 for XPS test, the scanning vibrating electrode technique (SVET) analysis was carried out an AE scanning electrochemical workstation (SVET, Applicable Electronics) under 3.5% NaCl solution. 16 Each cycle was of 15 min until the occurrence of corrosion on the surface of the carbon steel.
3 Results and discussion 
Tafel analysis.
The potentiodynamic polarization test was performed to investigate the protective performance of the inhibitor for carbon steel, as well as the cathodic and anodic corrosion behavior of the carbon steel. 18 Tafel curves of steel in simulated concrete solution in the absence and presence of various concentrations of the inhibitor are shown in Fig. 3 . In the presence of the inhibitor, the cathodic current was largely suppressed as compared to anodic current, and the corrosion potential of steel varied with the concentration of the inhibitor.
Electrochemical corrosion parameters were calculated to characteristic corrosion rate, such as corrosion densities (i corr ) and cathodic Tafel slopes (b a and b c ), in which the former were obtained through the intersection point of anodic and cathodic Tafel straight line slopes and the slope of tangent were b a and b c , respectively, and results were listed in Table 1 .
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From the results, the addition of the inhibitor has an anticorrosive effect on the carbon steel. Especially, an efficiency of 72.4% and 95.5% were achieved for low and high concentrations, respectively. And this is equivalent to the inhibition efficiency in ref. 9 and 17. The improved efficiency may be on account of geometry control. 20 At a low concentration, the inhibitor molecule completely disappeared within the solution or on the surface of steel, and consequently, could cover only a small fraction of the steel. With increasing concentration, however, more molecules could adsorb on the surface, layer by layer, and could thus hamper the movement of aggressive ions that destroy the passive lm.
Further, the corrosion rate (CR) can be calculated by corrosion density using the standard equation (eqn (1)) documented in ASTM standard G102. Moreover, compared to the inhibitor-free sample, concentration of 0.5 mmol L À1 had the tendency to shi E corr in the negative direction. However, E corr gradually moved toward the anodic direction with the addition of the inhibitor, thus effectively enhancing anodic inhibition. Cathodic corrosion was considerably reduced; however, a greater impact was observed for corrosion in the anodic zone. SPMT is a mixed-type inhibitor, due to which the displacement of E corr was less than 85 mV as compared to that of the inhibitor-free sample in the Tafel curve.
22
A comparison of the corrosion rate in the anodic zone between the inhibitor-free and 2.0 Â 10 À3 mol L À1 samples reveals that the high-concentration samples present more severe corrosion than the bare sample (by b a value), though the corrosion current evinces the contrary. A corrosion product model may be used to explain this. First, a high corrosion rate leads to a rapid reaction:
This loosens corrosion products of iron oxide attached to the steel surface, which can hamper the movement of Cl À ions and destroy the iron substrate within no time. We call this a "false protection phenomenon", which does not protect carbon steel but only shows a supercial lower reaction rate. This is supported by XPS and SVET analysis, as discussed below.
Adsorption isotherm.
In order to elucidate the type of adsorption, adsorption isotherm of inhibitor was build depending on the inhibition efficiency of Tafel test. Here, Langmuir adsorption isotherm was used to study the adsorption behavior of the inhibitor on the surface of carbon steel. The Langmuir adsorption isotherm was shown in eqn (2) 23 as follows:
where c is the concentration of inhibitor (mmol L À1 ), q is the coverage equivalent (dened as IE%) is the equilibrium constant (L mol À1 ). In Fig. 4 , plot of c/q versus c is a straight line and the slope is close to 1, hence Langmuir adsorption isotherm is appropriate for the adsorption behavior of inhibitor on surface of carbon steel. 24 Further, standard adsorption free energy (DG 0 ads ) is got by the value of calculated K ads and eqn (3):
where R, T and number of 55.5 is the universal gas constant (J (mol$K) À1 ), temperature (K) and molar concentration (mol L À1 ) 
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of water in solution, respectively. In this study, the calculated DG 0 ads is À30.792 kJ mol À1 , which show that the molecule adsorbed on the iron surface is spontaneous and there is physisorption and chemisorption together for the inhibitor molecules adsorbed on iron surface. 25 
XPS analysis
XPS analysis was employed to identify the characteristic elements of the inhibitor, in order to conrm that the molecule lm was fully or partly adsorbed on the carbon steel surface, by comparing spectra of the inhibitor-free and added samples, and to conrm the type of bond between iron and the inhibitor molecule. 26 The XPS spectra, including C 1s, O 1s, Fe 2p, and N 1s spectra, are shown in Fig. 5a . Spectra were also assigned to the corresponding species by deconvolution tting.
27
Three characteristic peaks can be observed in Fig. 5b . The peaks at 284.8 eV and 286.3 eV correspond to the presence of the inhibitor, whereas those at 284.6 eV and 285.5 eV, to the absence of the inhibitor; these peaks were attributed to the C-C bond and C]O bond, respectively, which are contaminant hydrocarbons originating from the XPS instrument itself and are observed in both the inhibitor-added and inhibitor-free samples. 28 A third peak at 288.6 eV is ascribed to sp 2 -hybridized carbon, which is from the molecule of the inhibitor, and was not detected in the inhibitor-free sample.
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The O 1s spectra for the carbon steel surface can be deconvoluted into three components and are shown in Fig. 5c . The rst peak at a binding energy of 529.9 eV and 530.0 eV for the presence and absence of the inhibitor, respectively, is attributed to Fe-O bonds, such as Fe 2 O 3 and Fe 3 O 4 . 30 The second peak at 531.8 eV for inhibitor presence and 531.9 eV for inhibitor absence, can be ascribed to the H-O bond, from a compound chemisorbed on the surface or FeOOH. 31 The nal peak at 533.0 eV can be assigned to oxygen in the adsorbed water, was only detected in the inhibitor-free sample.
32
The rough Fe 2p spectrum for the carbon steel surface is shown in Fig. 5a , and exhibits a double peak prole around 711 eV (Fe 2p 3/2 ) and 725 eV (Fe 2p 1/2 ). 33 The high-resolution Fe 2p 3/2 XPS spectrum (Fig. 5d) can be deconvoluted into two main peaks. The rst peak at a lower binding energy of 706.3 eV and 706.9 eV can be assigned to metallic iron for the inhibitor-added and inhibitor-free samples, respectively. 34 The second peak at 709.9 eV and 710.6 eV for the inhibitor presence and absence, respectively, can be assigned to iron oxides, such as FeO, Fe 2 O 3 , Fe 3 O 4 , and FeOOH; this is in agreement with the O 1s spectra. 30, 35, 36 Since peaks of Fe 2p and O 1s were detected in both the inhibitor-added and inhibitor-free samples, they cannot serve as evidence of adsorption of the inhibitor molecules on the steel surface.
The high-resolution N 1s spectra in Fig. 5e show one spectrum for the inhibitor-added sample while that was not detected in the inhibitor-free sample, providing evidence that the investigated inhibitor molecule was chemically adsorbed on the steel surface. The N 1s XPS spectrum can be deconvoluted into two peaks; the rst peak located at 398.9 eV is attributed to C-N group, 28 whereas the second peak located at a binding energy of 400 eV can be ascribed to the Fe-N bond, which arises from the coordination of the nitrogen atom with the iron atom on the surface. 37 From the above XPS analysis, we conclude that the inhibitor was adsorbed on the steel surface by the formation of the Fe-N bond.
38 S was not clearly detected in the XPS spectra, maybe due to its less content. Thus, the adsorption mechanism of the inhibitor on the surface of the carbon steel can be illustrated in Fig. 5f , in which molecule adsorbed on surface of carbon steel due to the formation of Fe-N bond and H bond and we can conrm that it is the combination of chemisorption and physisorption between the molecule and carbon steel.
SVET analysis
SVET is an effective method and is widely used to monitor the localized corrosion of the surface of carbon steel; it not only provides a map of the ion currency generated by corrosion, but also illustrates the progress of corrosion with time.
39,40 A variation of ion currency indicates a change in the corrosion reaction process; therefore, conversely, the corrosion process can be characterized by ion currency. Fig. 6 shows SVET plots of the prepared sample immersed in 3.5% NaCl solution for tests of several cycles. In the rst test cycle, an intense anodic current was detected in the right corner of the surface, which is the articial defect area where the inhibitor is absent. With progress of the immersion time, more intense anodic currents were detected in the rst three test cycles, indicating that the corrosion proceeded outward from the center of the inhibitor-free zone. Corrosion extension is an interesting phenomenon, in which corrosion starts at the inhibitor-free location; consequently, aggressive ions destroy the interface between the inhibitor molecule and carbon steel surface; this strips the molecule from the surface, and corrosion gradually extends to the inhibitor coverage area. However, the intense anodic current disappears aer six test cycles, implying suppression of corrosion at the articial defect area. This suppression may be caused by the corrosion products covered on the surface which prevent ionic ow; this is different from the protection mechanism of the inhibitor covering the steel surface. Meanwhile, for the remaining surface, the currents remained constant over the test cycles; the inhibitor molecules in these regions were not destroyed, thus presenting better anti-corrosion performance. A agrant contrast illustrates the anti-corrosion mechanism of the inhibitor, i.e. aggressive ions can only can destroy the uncovered location and strip the molecules at the boundary line gradually, and have no effect on the surface for a stable molecular lm. This phenomenon is also clearly seen from the optical images. In the rst and last gure of optical images, the area is bright and clean before the corrosion test cycle, but shows rust around the articial area aer several corrosion test cycles; however, the surface is intact for the area covered by the inhibitor, evincing the anti-corrosive effect of the inhibitor. A Fig. 6 SVET analysis of triazole-treated sample in 3.5% NaCl solutions and optical micrograph. schematic diagram of pit corrosion on carbon steel is shown in Fig. 7. In Fig. 7a , under the attack of Cl À ions, corrosion is initiated at the unprotective area with the losing of electron of Fe. With the corrosion reaction, nearby inhibitor molecules was destroyed gradually, as shown in Fig. 7b . Loosen corrosion products assemble on the centralized region but the corrosion reaction was controlled by the rmly molecule which is far from the unprotective area. Therefore, it depicted the protective performance of inhibitor under the aggressive solution.
Conclusions
A new triazole molecule was tested and the results show that it is an effective corrosion inhibitor under simulated concrete pore solution with aggressive NaCl. And the inhibition efficiency is increased with the increasing of inhibitor concentration and concentration of 2.0 mmol L À1 had the best inhibiting effect in this test. Anti-corrosion process and mechanism for inhibitor under surface of carbon steel was revealed by SVET test, which show corrosion occurred at the articially destroyed area and gradually eroded the adjacent inhibitor lm. However, the area under the inhibitor lm was intact throughout the corrosion tests. Therefore, this triazole molecule can be as an effective inhibitor in the protection of carbon steel in marine engineering to resist the attack of Cl À ions and make the steel concrete structure have a longer service life.
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